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Abstract
The complete matrix element for e+e− → bb¯W+W− has been computed
at tree–level and applied to Z0H0 production followed by Z0 → bb¯ and
H0 →W+W−, keeping into account all irreducible backgrounds, which are
dominated by tt¯ production, at the Next Linear Colliders. We find that,
depending on the center of mass energies and on the search strategies, this
channel can be useful for the study of the parameters of the Standard Model
Higgs boson over the most part of the heavy mass range.
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Introduction
The Standard Model (SM) postulates the existence of a massive scalar particle, the
Higgs boson H0, whose role is crucial in generating the spontaneous symmetry breaking
of the SU(2)L×U(1)Y gauge group of the electroweak interactions, and in ensuring the
renormalizability of the theory. Except for an upper bound of approximately 1 TeV,
which can be derived from perturbative unitarity arguments [1], the model does not
make any prediction on the mass MH0 of such a particle.
At present, a lower limit can be extracted from LEP I (
√
see = MZ0) experiments:
from the results of searches for e+e− → Z0 → Z0∗H0 events, one derives the bound
MH0
>
∼ 60 GeV [2].
Extensive studies have been carried out on the feasibility of discovering the Higgs
particle by the next generation of high energy machines, both at pp [3, 4, 5] and at
e+e− colliders [3, 6, 7, 8, 9, 10].
The mass region MH0 < 80÷ 90 GeV can be studied at LEP II (
√
see = 160÷ 200
GeV) whereas a Higgs with a larger mass will be searched for at pp colliders like LHC
(
√
spp = 14 TeV) or at e
+e− accelerators like NLC (
√
see = 300÷ 1000 GeV).
At LHC the mass range 80 GeV <∼ MH0
<
∼ 130 GeV results the most difficult to study
since in this case the Higgs boson mainly decays to bb¯ pairs and the QCD background
is huge. However, recent studies have shown that it is possible to detect the H0 in the
γγ decay mode [11], via the associated production with a W± boson [12, 13] or a tt¯
pair [14, 15]. For MH0
>
∼ 130 GeV, the Higgs can be discovered in the “gold-plated”
four–lepton mode H0 → Z0Z0 → ℓℓ¯ℓℓ¯ [4, 5].
At NLC, with
√
see = 300 ÷ 500 GeV, the Higgs detection can be achieved
over the whole intermediate mass range MZ0
<
∼ MH0
<
∼ 2MW± [16]. The two main
production mechanisms are the Bjorken bremsstrahlung reaction e+e− → Z0∗ →
Z0H0 [17] which dominates below
√
see = 500 and the fusion processes e
+e− →
ν¯eνeW
±∗W∓∗(e+e−Z0∗Z0∗) → ν¯eνe(e+e−)H0 [18] which dominate at larger energies.
At
√
see
>
∼ 500 GeV a heavy Higgs, in addition than in the 4ℓ–mode, can be detected
in the four–jet modes H0 →W±W∓, Z0Z0 → jjjj [19, 20].
Recently, the b–tagging capabilities achieved by vertex detectors have suggested
the possibility of Higgs searches through new signatures. For example, it has been
shown [21] that with the b–tagging performance [22] foreseen for LHC experiments it
may be possible to see the H0 in the tt¯H0 production channel, with one t decaying
semileptonically, followed by H0 → bb¯, for 80 GeV <∼ MH0 <∼ 130 GeV, provided that
1
mt
>
∼ 130 GeV.
It is generally expected, even in these financially troubled times for particle physics,
that LHC will begin to operate approximately ten years from now, while the projects
for a NLC–type of e+e− machine are still at a very preliminary stage. Therefore it is
reasonable to assume that the Higgs, if it exists at all, will be discovered, and that
its mass will be first measured, at a pp collider. However it will be impossible to
study in detail all couplings between the Higgs boson and the other particles of the
SM at a hadron machine. For this purpose, as well as for a full analysis and a precise
determination of the parameters of the top quark, a high–energy linear e+e− machine
will be essential.
At NLC the Higgs mass can be extracted from missing mass analyses or from a direct
measurement of the decay products [8]. The first method requires a measurement of
the momentum of the Z0. This can be done easily for the e+e− and µ+µ− decays but,
with the design total luminosity of 10 fb−1, at the price of very small statistics [16].
Alternatively one can exploit the much larger bb¯ decay mode and the capabilities of
vertex detectors. We emphasize that the channel Z0 → bb¯might well be one of best ways
to detect the Z0. In fact this mode is free from backgrounds coming from W± decays,
and has a branching ratio which is about five times larger than the corresponding ones
to Z0 → e+e− and Z0 → µ+µ−, comparable to the fraction of invisible decays Z0 → νν¯
(the possibility of studying Higgs production using these latter has been examined in
ref. [19]).
The missing mass method has the unique feature of being independent of assump-
tions on the H0 decay modes. The H0 → W±W∓ decays can be easily sorted out
no matter how the W ’s decay and the corresponding branching ratio can be directly
measured. In order to obtain a precise measurement of the Higgs mass the beam energy
spread resulting from bremsstrahlung and beamsstrahlung has to be taken into account.
The missing mass distribution will peak at a larger value than the true Higgs mass,
but this can be easily corrected for once the parameters of the machine are known.
For narrow–band beam designs as DLC and TESLA [23] beamsstrahlung effects are
much smaller than those of initial–state–radiation. Photon emission lowers the center–
of–mass energy at which the collisions between electrons and positrons take place,
decreasing the cross sections at thresholds and, on the contrary, increasing production
rates at higher energies since the bulk of events are produced through s–channel annihi-
lation and therefore scale as s−1. For the mentioned designs the global effect is at most
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about 20%. Since we neglect bremsstrahlung and beamsstrahlung both the number of
events and their statistical significance will be slightly higher than we predict.
The direct reconstruction of the Higgs decay products requires both W ’s to decay
hadronically, which halves the statistics. It is however the only available mean if the
Z decays to νν¯ or for Higgs produced in fusion processes. The mass determination
will suffer from the uncertainties in the measurement of jet energies but this can be
somewhat improved exploiting the fact that the invariant mass of two pairs of jets must
reconstruct the W mass.
In principle one could also consider the six–jet channel, e+e− → Z0H0 →
Z0W+W− → 6j, looking for a peak in the invariant mass distribution of pairs of
vector bosons. This method however suffer from a large combinatorial background.
For each event three different pairs can be formed since it is unlikely that the Z can
be distinguished from the W ’s, solely on the basis of their mass, when all three decay
hadronically, the mass difference being comparable to the expected resolution.
Using the full matrix element for the process e+e− → bb¯W+W− we are able to
study the production of a heavy SM Higgs (i.e., MH0 ≥ 2MW±) through the Bjorken
bremsstrahlung reaction e+e− → Z0H0, followed by the decays Z0 → bb¯ and H0 →
W+W−, and of all irreducible backgrounds. The main background is due to tt¯ →
bb¯W+W− production and decay which has a much larger cross section than e+e− →
Z0H0 [24, 25]. Therefore it is essential in order to assess the observability of the latter
to have a complete description of the former and of the interference between the two.
The plan of the paper is as follows. In section II we give details on the calculation,
while in section III we present and discuss the results. Finally, section IV is devoted to
the conclusions.
Calculation
We have computed the matrix element of the process e+e− → bb¯W+W− using the
method of ref. [26]. As a check, we have performed the calculation also by means of
the formalism [27], and compared the corresponding FORTRAN codes. The b(b¯) quark has
been treated as a massive stable particle, while the widths of all virtual t(t¯) quark, W±,
Z0 and H0 bosons have been included in our calculations. For the top and the Higgs
width we have adopted their tree–level expressions, while we have not included the
effects of the width of the final state W ’s [28]. For further details on the calculations,
we refer to ref. [29].
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The matrix element squared has to be integrated with some care in order to control
the interplay among the various peaks which appear in correspondence to the possible
resonances. We have divided the full set of Feynman diagrams, which are shown in
fig.1, in eight subset, according to the different resonant structures, as follows:
tt¯→ (bW+)(b¯W−) diagram # 2, (1)
t→ bW+ diagrams # 1, 7, 17, (2)
t¯→ b¯W− diagrams # 3, 8, 16, (3)
Z0H0 → (bb¯)(W+W−) diagram # 26, (4)
Z0 → bb¯ diagrams # 4, 5, 6, 11÷ 15, 18, 19, (5)
H0 →W+W− diagrams # 20, 21, (6)
H0 → bb¯ diagrams # 22÷ 25, 27. (7)
Diagrams # 9,10 and diagrams 4,6,11÷15,18,19 with an intermediate photon constitute
the eighth (non–resonant) channel. If we indicate by Mi the sum of the diagrams in
the i–th channel, one has
Mtot =
8∑
i=1
Mi, (8)
where Mtot is the total Feynman amplitude. In squaring equation (8) we take the
combinations
T1 = |M1|2, (9)
T2 = |M2|2 + 2Re[M1M∗2 ], (10)
T3 = |M3|2 + 2Re[M1M∗3 ], (11)
T4 = |M4|2, (12)
T5 = |M5|2 + 2Re[M4M∗5 ], (13)
T6 = |M6|2 + 2Re[M4M∗6 ], (14)
T7 = |M7|2, (15)
T8 = |M8|2 + all remaining interference terms. (16)
Obviously
|Mtot|2 =
8∑
i=1
Ti. (17)
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In the end, we have separately integrated the various contributions (9)–(16) with
VEGAS [30], using yX = tan
−1
(
Q2−M2
X
MXΓX
)
as integration variable when the X–resonance
was present.
Finally, concerning the numerical part of our work, we have used the following
values: MZ0 = 91.1 GeV, ΓZ0 = 2.5 GeV, sin
2(θW ) = 0.23,MW± = MZ0 cos(θW ) = 79.9
GeV, ΓW± = 2.2 GeV, mb = 5.0 GeV and αem = 1/128.
Results
If one looks at the bb¯W+W− final state in the Mbb¯ versus MW+W− plane the events
from the bremsstrahlung reaction will concentrate in a single blot whose size is deter-
mined by the experimental reconstruction incertainties. On the contrary one expects
the background events, mostly tt¯ production, to fill a large region. It is however pos-
sible, for a given top mass, mt, to find values of the Higgs mass for which the two
double–differential distributions do no overlap. In these cases tt¯ production can be
very simply distinguished from Higgs production and detecting the H0 is only a matter
of event rate. In fig.2 the boundaries of the dσ/dMbb¯/dMW+W− distribution in the
plane (Mbb¯,MW+W−) are presented for e
+e− → tt¯ events for several values of mt at√
s = 350 GeV and
√
s = 500 GeV. It can be seen that, for Mbb¯ = MZ0, there is indeed
a range of Higgs masses, between threshold and a maximum value which decreases with
increasing mt, for which Higgs production is effectively free of any background from
tt¯ production. For the special case
√
s = 350 GeV and mt = 170 GeV there is also a
small region at the high end of the range of Higgs masses which produce an appreciable
number of events which is free from tt¯ background.
In fig.3 and fig.4 we present the invariant mass distribution of the system recoiling
against the bb¯ pair at
√
s = 350 GeV and
√
s = 500 GeV, respectively, formt = 150 GeV
and mt = 175 GeV. We have required | cos θbb¯| < 0.8, in order to have events which can
be tagged by the microvertex detectors, and |MZ0−Mbb¯| < 10 GeV. These figures have
been obtained from the full matrix element. A separation of signal from background is
strictly speaking impossible, however the broad structure on which the Higgs peaks rest
is largely independent of MH and one can identify it with the irreducible background.
This distribution is almost flat within the range where tt¯ production is kinematically
allowed, apart from a narrow region at the boundaries where it rapidly decreases to
essentially zero.
The precise composition of the total background depends on the strategy adopted
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for b–tagging. If only one of the two b–jets is required to be identified there is, in ad-
dition to the irreducible background, a reducible contribution arising from the possible
misidentification of a c–quark as a b–quark. If ǫb(c) is the probability for a b(c) quark
to satisfy a given set of tagging requirements, the probability of tagging at least one
b(c) of a bb¯(cc¯) pair is Pb(c) = (1 − (1 − ǫb(c))2). The fraction of W decays involving a
c–quark is large BWc ≡ B(W+ → cs¯) ≈ B(W+ → ud¯) ≈ 33%. Therefore, the probabil-
ity that a W+W− pair results in at least one tag is PWW = B
2
Wc(4ǫc − ǫ2c). Taking for
example ǫb = 33% and ǫc = 5% [31] and defining σ0 = σ(e
+e− → ZH)×B(H → WW )
the reducible background from the reaction e+e− → ZH is approximately equal to
σ0×(B(Z → udsc)×PWW +B(Z → c)×Pc) ≈ σ0×2.5%. An additional source of fake
tags are the WW pairs produced in association with a bb¯ pair. We can estimate the
corresponding cross section multiplying by PWW ≈ 2% the integral of the distributions
in fig.3 and 4 in a 10 GeV bin centered around the Higgs nominal mass. The largest
contribution is only about 0.5 fb for
√
s = 350 GeV, mt = 150 GeV and MH = 185
GeV. The sum of reducible and irreducible background is to be compared with the
signal which is σ0 × B(Z → b)× Pb ≈ σ0 × 8.%. An alternative option, which has the
advantage of drastically reducing the irreducible background, is to impose rather loose
identification requirements on both b–jets, exploiting the fact that it is less likely to
mistake a cs pair for a bb pair than it is to mistake a single c–quark for a b–quark. In
ref.[31] it has been shown that with vertex detectors comparable with those already in
operation it is possible to achieve an efficiency for detecting bb¯ pairs equal to .466 with
an efficiency for cs pairs of .025.
Neglecting the complications due to the irreducible background for the time being,
a rough estimate of the statistical significance of the signal is given by the ratio:
S√
B
=
√
PbL σ(e
+e− → ZH → bb¯W+W−)√
σ(e+e− → bb¯W+W−)− σ(e+e− → ZH → bb¯W+W−)
(18)
where L is the luminosity and we integrate all cross sections, with the cuts used to
produce fig.3 and 4, in a 10 GeV bin centered around the Higgs nominal mass. The
ratio (18), together with the expected number of events, is presented in table I, for
L = 10 fb−1 and ǫb = 1/3. In most cases, when the tt¯ background is substantial, the
significance is quite small and insufficient to detect the Higgs signal.
It is obvious that many features can be helpful in distinguishing signal from back-
ground events. Neglecting bremsstrahlung and beamsstrahlung effects in tt¯ production,
the energy of the two heavy quarks equals the beam energy. Moreover for each W one
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can construct two invariant masses coupling the W in turn to both b’s and one of
these quantities must be equal to mt. Since the number of signal events is not too
small, it is reasonable to try to increase the signal to background ratio with a more
stringent set of cuts. In order to reduce as little as possible the signal we have con-
sidered events for which |MZ0 − Mbb¯| < 10 GeV and have required that one of the
W ’s, say the W+, failed to reproduce the kinematics of a tt¯ final state when coupled
with either of the two b’s, namely that mt − 10 GeV > |MW+b(W+b¯)| > mt + 10 GeV
and Ebeam − 10 GeV > |EW+ + Eb(b¯)| > Ebeam + 10 GeV. The resulting cross sections,
integrated over the window |MH0 −MW+W−| < 10 GeV, are presented in table II and
III. The background has been reduced to a very small level while only between 10% and
30% of the signal has been lost and a reasonable number of events are expected over
the whole range of Higgs masses we have examined. The proposed selection criteria are
particularly convenient, since only one of the two W ’s is required to decay hadronically,
therefore about 85% of theWW decays of the Higgs are retained. This reduction factor
and the b–tagging efficiency are not included in the cross section presented in table II
and III.
Conclusions
We have studied, using full matrix element for the process e+e− → bb¯W+W−, the
production of a SM Higgs with MH0 ≥ 2MW± through the bremsstrahlung reaction
e+e− → Z0H0, followed by the decays Z0 → bb¯ and H0 → W+W−, and the corre-
sponding irreducible background which is dominated by tt¯ production. Selecting events
containing a bb¯ pair compatible with a decay of Z0, it has been shown that there are
values of the Higgs and the top mass for which a simple cut on the invariant mass of the
system recoiling against the bb¯ pair is sufficient to completely eliminate the irreducible
background. When the distributions dσ/dMbb¯/dMW+W− in the plane (Mbb¯,MW+W−)
of signal and background events overlap, the statistical significance S/
√
B of the signal
is not sufficient, in general, to unambigously establish the presence of the Higgs with a
simple missing mass analysis. Further cuts, based on the kinematics of tt¯ production,
can however drastically reduce the background while mantaining an acceptable number
of events from Higgs production. Therefore we conclude that the production of a heavy
SM Higgs in association with a Z0 can be observed at NLC in the decay channels
Z0 → bb¯ and H0 →W+W−.
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Table Captions
tab.I Expected number of signal and background events and their statistical signifi-
cance at
√
s = 350 GeV and
√
s = 500 GeV for a selection of Higgs masses after
the cuts: |MZ0 −Mbb¯| < 10 GeV and | cos θbb¯| < 0.8. We assume that only one
b-jet is tagged with efficiency ǫb = 1/3. The luminosity is taken to be L = 10 fb−1.
tab.II Cross sections for e+e− → bb¯W+W− at √s = 350 GeV, for five different
values of MH0 . The first column is the resonant contribution e
+e− → Z0H0 →
bb¯W+W− in the absence of cuts. The second and third column give the resonant
cross section and the cross section obtained from all diagrams without Higgs,
assuming mt = 150 GeV, after the following set of cuts: |MZ0 −Mbb¯| < 10 GeV,
|MH0 −MW+W−| < 10 GeV, mt − 10 GeV > |MW+b(W+b¯)| > mt + 10 GeV and
Ebeam − 10 GeV > |EW+ + Eb(b¯)| > Ebeam + 10 GeV.
tab.III Cross sections for e+e− → bb¯W+W− at √s = 500 GeV, for five different
values of MH0 . The first column is the resonant contribution e
+e− → Z0H0 →
bb¯W+W− in the absence of cuts. The second and third column give the resonant
cross section and the cross section obtained from all diagrams without Higgs,
assuming mt = 150 GeV, after the following set of cuts: |MZ0 −Mbb¯| < 10 GeV,
|MH0 −MW+W−| < 10 GeV, mt − 10 GeV > |MW+b(W+b¯)| > mt + 10 GeV and
Ebeam − 10 GeV > |EW+ + Eb(b¯)| > Ebeam + 10 GeV.
Figure Captions
fig.1 Feynman diagrams contributing in the lowest order to e+e− → bb¯W+W−. In-
ternal wavy lines represent a γ, a Z0 or a W±, as appropriate. Internal dashed
lines represent a Higgs boson.
fig.2 The boundaries of the double differential distribution dσ/dMbb¯/dMW+W− in the
plane (Mbb¯,MW+W−) for e
+e− → tt¯ events in the narrow width approximation,
at
√
s = 350 GeV and
√
s = 500 GeV, for different values of mt, without cuts.
fig.3 The differential distribution dσ/dMW+W− for e
+e− → bb¯W+W− (full matrix
element with all Higgs contributions), at
√
s = 350 GeV, for MH0 = 170 GeV
(continuous line), MH0 = 185 GeV (dashed line), MH0 = 210 GeV (dotted line)
andMH0 = 240 GeV (chain-dashed line) with mt = 150 GeV and mt = 175 GeV,
after the cuts: |MZ0 −Mbb¯| < 10 GeV and | cos θbb¯| < 0.8.
fig.4 The differential distribution dσ/dMW+W− for e
+e− → bb¯W+W− (full matrix
element with all Higgs contributions), at
√
s = 500 GeV, for MH0 = 210 GeV
(continuous line), MH0 = 250 GeV (dashed line) and MH0 = 300 GeV (dotted
line), with mt = 150 GeV and mt = 175 GeV, after the cuts: |MZ0 −Mbb¯| < 10
GeV and | cos θbb¯| < 0.8.

MH0 (GeV) Signal Background S/
√
B
√
s = 350 GeV mt = 150 GeV
185 40 132 3.5
210 23 80 2.6
240 10.5 71 1.3
√
s = 500 GeV mt = 150 GeV
250 11.5 1.5 9.1
300 5.5 13.5 1.5
√
s = 500 GeV mt = 175 GeV
250 11.5 8 4.0
300 5.5 17 1.4
L = 10 fb−1 ǫb = 1/3
Table I

MH0 (GeV) σ (fb)
Z0H0 → bb¯W+W− Z0H0 → bb¯W+W− bb¯W+W−
no cut cut
170 13.24 10.61 1.11
180 12.07 8.74 1.35
190 8.46 5.88 1.44
200 7.05 4.99 1.48
210 5.94 4.31 1.42
√
s = 350 GeV mt = 150 GeV
Table II
MH0 (GeV) σ (fb)
Z0H0 → bb¯W+W− Z0H0 → bb¯W+W− bb¯W+W−
no cut cut
180 6.89 6.23 0.42
210 4.35 3.79 0.54
240 3.55 2.94 0.73
270 2.80 2.15 0.84
300 2.10 1.46 0.93
√
s = 500 GeV mt = 150 GeV
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